ABSTRACT In this paper, an effective and simple method for suppressing the spurious frequency in bandpass filter is proposed. Quarter-and half-wavelength uniform impedance resonators are used to generate the filtering function. The transmission zero caused by the structure of coupled line terminated with shortcircuited stub is discussed in different mediums. By adjusting the coupled line and stub electrical lengths, controllable transmission zeros can be generated that can suppress the spurious passband, thereby extending the stopband. The concept has been experimentally tested in a fourth-order microstrip bandpass filter operating in 1 GHz, which provides an attenuation of 26.4 dB up to 15.9 times the center frequency and exhibited a size reduction of 50% compared with the half-wavelength resonators structure at the same frequency.
I. INTRODUCTION
Bandpass filter is important for RF/microwave circuit and systems. Parallel microstrip coupled transmission lines are very important for designing bandpass filter, while the drawback is that the inherent presence of spurious passband make it hard to be acquired. Therefore, a wide-stopband bandpass filter has greatly improved the performance of transceivers.
In passband filter, the second harmonic or higher harmonics is the most problem to be solved in microstrip bandpass filters and many methods have been proposed in the literature to solve it. In [1] , end stages with over-coupling are used to suppress the unwanted spurious passband in a parallelcoupled microstrip filter. In order to suppress the spurious passband, a strip-width modulation by using ''Wiggly-line'' has been proposed in [2] . In [3] , corrugated parallel-coupled line are designed bandpass filters with multi-spurious suppression. A simple method to remove the spurious band of conventional parallel-coupled line microstrip filters by using a slotted ground plane has been presented in [4] and coupled microstrip lines using insertion of -shaped particles inside the substrate is presented in [5] to suppress the second harmonic. In [6] and [7] , the method of harmonic suppression is based on discriminating coupling. The multi spurious suppression is achieved by means of a precise control of the coupling (the coupling coefficient is equal to zero) between resonators at unwanted resonant frequencies.
A bandpass filter with wide stopband by using steppedimpedance resonators is common. By properly choosing the length and impedance ratios of the stepped-impedance resonators, out-of-band rejection bandwidth can be improved. In [8] and [9] , the spurious passband of the filter can be removed by adjusting the spurious frequencies of SIR. The aperture-backed SIR resonator is built up to largely separate the 1st and 2nd resonant frequencies to achieving an ultra-broad rejection band in [10] . Combining the advantages of stepped-impedance resonators and high-impedance transformer can push the spurious harmonics higher and provide a certain rejection band. Wide stopband microstrip bandpass filters can be designed by using quarter-wavelength stepped impedance resonators in [11] , and [12] . In [13] , open-loop resonators are to suppress the spurious passband in parallelcoupled stacked SIRs bandpass filters. In [14] , loaded-stub resonator is designed to suppress the spurious passbands and the proposed single-and dual-stub resonators are realized to move the harmonic. In [15] , a wide stopband filter is designed by using both SIR and uniform impedance resonators. In [16] , using the asymmetric SIR and the uncoupled part of the coupled line, two transmission zeros are introduced to obtain a wide stopband bandpass filter.
The introduction of controllable transmission zeros is also an effective way to suppress spurious passbands. A fourthorder bandpass filter in [17] using two quarter-wavelength resonators and a stub-loaded dual-mode stepped-impedance resonator can achieve wide stop band and improve the frequency selectivity by introducing controllable transmission zeros. In [18] , the transmission zero reallocation technique is used to suppress the first-harmonic passband in bandpass filter. In [19] , a hybrid ring is proposed to implement wide stopband filter and the location of the transmission zero pair can be generated by adjusting the impedances of the multisection short-circuited stub and the multi-section open-circuit stub conveniently. In [20] , branch-line resonators is used to generate transmission zeros to achieve a wide stopband.
A simple concept of planar bandpass filters and diplexer that feature wide stopband over 14 times center frequency has recently been proposed in [22] . Half-wavelength uniform impedance resonators are used to generate the filtering performances. The spurious frequencies can be suppressed by plenty of transmission zeros acquired by tuning the length of the coupled transmission lines and open-circuited stubs.
In this paper, we extend the idea given in [22] and propose the wide stopband filter by combined half-and quarterwavelength UIR. As quarter-wavelength resonators are used, the circuit size can be reduced significantly. The terminated coupled line showed in Fig. 1(a) , which A consists of a common parallel coupled transmission line and shortcircuited stub, is also used to generate controllable transmission zeros. The equations of the structural ( Fig. 1(a) ) design method in different media (homogeneous and inhomogeneous medium) are analyzed detailedly. The position of the transmission zeros can be flexibly controlled by appropriately selecting the length of parallel coupled line and shortcircuited stub. In the design of this paper, bandpass filters consists of different terminated coupled parts. Therefore, the spurious bandpass can be suppressed by the controllable transmission zeros. With this method, a compact bandpass filter with wide-stopband can be designed conveniently.
II. DESIGN EQUATIONS
In [22] , the impedance parameters of the coupled line terminated with open-circuited stub were deduced. Here the characteristics of the short-circuited loaded coupled line will be presented in a similar way. In Fig. 1(a) , the two-port impedance equations are defined as:
Similar to [22] , four-port network is used to obtain the impedance parameter of the two-port network.
The four-port impedance equations of parallel coupled-line section are define as:
The four-port impedance parameters are given in [21] :
A. IN HOMOGENEOUS MEDIUMS
In homogeneous case, since the even mode phase velocities is identical with the odd mode phase velocities, the evenmode and odd-mode electrical length of the coupled line are equal. Let θ oe = θ oo = θ . For simplifying the impedance parameters, let:
Where
The port 3 in Fig. 1(b) is connected by short-circuited stub which means V 3 = jI 3 Z o tanβθ 1 and port 4 is short-circuited which means V 4 = 0. With these two conditions, I 3 and I 4 can be expressed as a function of I 1 and I 2 . Combination with (2-a) and (2-b), the impedance parameters can be gained from the two-port network:
The relationship between S 21 and impedance parameter is:
With Z 11 , Z 21 , and Z 22 , we can solve the condition when S 21 = 0:
where θ and θ 1 are the electrical length at the filter operating frequency (f 0 ) We can infer that the transmission zero, dependent upon the coupled line (θ ), can be placed arbitrary frequency point and is unrelated to the short-circuited stub (θ 1 ) and impedances (Z o , Z oe , Z oo ). The transmission zero, dependent upon the short-circuited stub (θ 1 ), is unrelated to the coupled line (θ ). So, the transmission zeros determined by the coupled transmission line and short-circuited stub are independent.
We can use the structure in Fig. 1(a) to generate two controllable transmission zeroes, which can be used to suppress the harmonics of the bandpass filter conveniently.
The frequencies of the transmission zeroes can be represented as
Where f zcn is the frequency position of the transmission zero which is generated by the coupled line and f zsm is the frequency position of the transmission zero which is generated by the short-circuited stub.
Those design formulas can be validated by the ideal microstrip circuit simulation. To show that transmission zeros are generated and controlled by coupled line and shortcircuited stub, respectively, only one factor can be considered in the simulation and another factor has the least impact on the frequency range of observations. Circuit simulation in Fig. 1  (a) is carried out by Advanced Design System.
When simulating the transmission zeros produced by coupled line, the electrical length of the short-circuited stub (θ 1 ) is set to 5 • (f 0 = 1 GHz), which cause the first transmission zero at 18 GHz, so that the short-circuited stub doesn't affect the transmission zeros distribution determined by the coupled line in the frequency range of observations. The same method can be applied when simulating the transmission zeros produced by short-circuited stub. Fig. 2 show the locations of transmission zeros obtained by coupled lines (Fig. 2(a) ) and short-circuited stub (Fig. 2(b) ). From the figure, the relation between the position of transmission zeros and the length of the coupled line or short-circuited stub is strictly consistent with the (8). 
B. IN INHOMOGENEOUS MEDIUMS
The even and odd mode phase velocities in coupled lines are different in inhomogeneous medium. So, the solution of transmission zero in the structure of Fig. 1(a) is also different. By substituting V 4 = 0 and V 3 = jI 3 Z o tanβθ 1 into (2), the two-port Z-parameters is obtained:
When Z 21 = 0, S 21 = 0. However, the solution to Z 21 = 0 is hard to get. Different from the homogeneous medium, the distribution of transmission zero in inhomogeneous medium is affected by both coupled line and shortcircuited stub. But the distribution of transmission zeros can be derived from Z 21 = 0. From (3), the two-port impedance parameter is a function of impedances and electrical lengths.
FIGURE 3. Microstrip coupled line terminated with short-circuited stub. Fig. 3 shows a microstrip coupled line terminated with short-circuited stub. When the substrate parameters and characteristic impedances are given, (10) can be replaced by
Where β o and β e are defined as the odd-mode and even-mode phase constants of the coupled line, β 1 is define as the phase constant of the short-circuited stub.
A substrate with thickness h = 0.8 mm, dielectric constant ε r = 2.55 loss and tangent δ = 0.0029 is used in all circuits in this paper. The phase constants at 1 GHz are β e = 29.94 rad/m, β 1 = 29.13 rad/m when the impedances are set as Z oe = 138.26 , Z oo = 72.69 (S = 0.3 mm and W = 0.5 mm), Z o = 106. 16 (W 1 = 0.5 mm). Therefore, the transmission zeros distributions can be calculated at different coupled line lengths (L) and short-circuited stub lengths (L 1 ). Fig. 4 show the solution for the first three transmission zeros at different L and L 1 . In homogeneous mediums, the transmission zeros which are determined by the lengths of the coupled line and the lengths of the short-circuited stub are unrelated to the impedances. In inhomogeneous mediums, the effect of the impedances on the transmission zeros location is considered. Fig. 5(a) and Fig. 5(b) show the distributions of the first three transmission zeros under different W and S in Fig. 3 . And the width of short-circuited stub (W 1 ) is equal to W .
In the case of a fixed value of L 1 (L 1 = 10mm), when the impedances are changed, the transmission zeros distribution changes little, which means the effects of changes in W and S on transmission zero distribution is little. But when the coupled transmission line lengths (L) and short-circuited stub lengths (L 1 ) are change, the shift of transmission zeros distribution is obvious.
As two available design parameters (L and L 1 ), two transmission zeros can be controlled by setting a suitable combination of two parameters, which means the lengths of L and L 1 can be used to get two controllable transmission zeros. Table I shows the solution of L and L 1 from the designated transmission zeros. The transmission zero f tz1 is the first zero generated by the structure in Fig.1 (a) , while another transmission zero f tzn is the nth zero induced by the structure (n ≥ 2). It should be pointed out that a variety of solutions for L and L 1 can be gained when the positions of the transmission zeros are given. The data listed in the table I is only one set of solutions What's more, the Combination of f tz1 and f tzn can be replaced by combination of f tzm and f tzn , where f tzm is the mth zero.
From the analysis above, transmission zeros distribution mainly depends on L and L 1 regardless of homogeneous or inhomogeneous medium. The solutions of transmission zeros are very convenient for designing a wide stopband bandpass filter. To other frequency or substrates, the solutions of transmission zeros are similar, just the guided wavelength different.
III. A WIDE-STOPBAND BANDPASS FILTER STRUCTURE
In this part, a microstrip bandpass filter with wide-stopband will be presented. Aiming to compression the filter size, the fourth-order filter consists of two half-wavelength UIRs and two quarter-wavelength UIRs. Therefore, a compact filter with spurious passband suppression can be designed by applying the structure introduced in Section II, which is shown in Fig. 6 . The via that connects the microstrip line and the ground plane is denoted by a circle. The bandpass filter is composed of five terminated coupled line, where the third one is short-circuited stub loaded coupled transmission line and the others are open-circuited stub loaded coupled transmission line. The parameter selection of the coupled transmission line connected with open-circuited stub is based on the table in [22] .
Each coupled section in Fig. 6 (b) can control two transmission zeros. In addition, they also produce some uncontrollable zeroes, which can further suppress the harmonics. For example, the first section in Fig. 6(b) produces two controllable zeros (2f 0 , 3f 0 ) and some additional zeros (4.3f 0 , 5.9f 0 , 7.4f 0 ). Using the combined controllable transmission zeros and uncontrollable transmission zeros can suppress the harmonics to acquire wide stopband. Table II lists the   TABLE 2 . Distribution of transmission zeros (f 0 = 1GHz). distribution of zeros of each section in Fig. 6(b) . As can be seen from the Fig. 6(b) , a fourth-order filter has five structures that can produce ten controllable transmission zeros.
The optimized parameters (mm) of the filter in Fig. 6 (a) are size of the fabricated filter is 59 mm × 36 mm, which is much smaller than that of the fourth-order filter (96 mm × 52 mm) using half-wavelength resonators [22] . The simulated and measured results of the wide-stopband bandpass filter are shown in Fig. 8 . For the measurement results, the measured insertion loss is less than 2.1 dB and the return loss greater than 17.5 dB in passband. In addition, the stopband rejection is better than 26.4 dB that up to 15.9 GHz. The main factors that make the difference between the measurement result and the simulation result are the deviation from the size of the fabricated filter. In order to analyze the effect of stub radiation on stopband attenuation, a metal box of 30 mm height was used to load the filter, which is shown in Fig. 9(a) . The measured results of the wide-stopband bandpass filter with and without the metal box are shown in Fig. 10 . The measurement results show that using the terminated coupled lines cause some radiation, which contributes to improve the stopband rejection level. To absorb radiation, a layer of absorbing material is attached on the bottom face and top face of the metal box. Fig. 10 also shows the measurement results of the filter with box and absorbent material. The stopband rejection is better than 22.9 dB up to over 16 GHz by using a metal box with absorbent material. It is to be noted that the passband characteristics are almost fixed at different conditions. 
IV. CONCLUSION
In this paper, an improved method to design a compact bandpass filter with wide stopbands is proposed. By adjusting the lengths of the coupled transmission lines and short-circuited stubs, two controllable transmission zeros can be placed at the frequencies that need to be suppressed. Therefore, the parasitic passband can be suppressed by locating transmission zeros at harmonic frequencies effectively. A compact fourthorder bandpass filter with wide-stopband is designed to verify the design method. The measurement results show that the filter shows good stopband rejection with 26.4 dB up to 15.9 GHz and has good passband characteristics. Furthermore, the circuit size is highly reduced as quarter-wavelength resonators are used.
